Polymer-formation by the essential FtsZ protein plays a crucial role in the cytokinesis of most prokaryotes. Lateral associations between these FtsZ polymers to form bundles or sheets are widely predicted to be extremely important for FtsZ function in vivo. We have carried out a study in vitro of FtsZ polymer formation and bundling using linear dichroism (LD) to assess structural properties of the polymers. We demonstrate proofof-principle experiments to show that LD can be used as a technique to follow FtsZ polymerisation and we present the LD spectra of FtsZ polymers. Our subsequent examination of FtsZ polymer bundling, induced by calcium, reveals a substantial increase in the LD signal indicative of increased polymer length and rigidity. We also detect a specific conformational change in the guanine moiety associated with bundling, while the conformation and configuration of the FtsZ monomers within the polymer remain largely unchanged. We demonstrate that other divalent cations can induce this conformational change in FtsZ-bound GTP coincident with polymer bundling. Therefore we present "flipping" of the guanine moiety in FtsZ-bound GTP as a mechanism which explains the link between reduced GTPase activity, increased polymer stability and polymer bundling.
Introduction
The FtsZ protein, a structural and functional homologue of eukaryotic tubulins, is a polymer-forming GTPase that plays a critical role in the cell division process in bacteria.
Prior to the onset of cell division in the γ-proteobacterium Escherichia coli, FtsZ polymers form a dynamic ring (the Z-ring) around the cell centre on the inner surface of the cytoplasmic membrane (1) (2) (3) . The Z-ring recruits at least ten accessory proteins which are essential for cell division to proceed (4) (5) (6) (7) , and then reduces in diameter until cytokinesis is complete. FtsZ is extensively conserved among prokaryotes with only one phylum of archaebacteria (Crenarchaeota) and three free-living species of bacteria (Ureaplasma urealyticum, Prosthecobacter dejongii and Pirellula sp.) proven to lack ftsZ genes thus far (8, 9) . In addition, FtsZ is required for chloroplast division and may be essential for division of some mitochondria (10) (11) (12) . Elucidating the mechanism by which the Z-ring drives constriction is therefore critical to our understanding of cell division in prokaryotes and cytokinesis in eukaryotic organelles.
Monomers of FtsZ protein associate in vitro in a GTP-dependent fashion into linear, unbranched, polymeric fibres whose dynamics result in the hydrolysis of GTP (13, 14) .
There is considerable evidence to suggest that the interface between two FtsZ monomers in the polymeric form is crucial for this GTPase activity, with the "top" and "bottom" of consecutive monomers combining to form the GTP-binding pocket (15) (16) (17) (18) (19) (figure 1). While GTP binding favours polymer formation, the hydrolysis of GTP to GDP promotes shortening and bending of the FtsZ polymers (20) . The simplest polymer form of FtsZ  a one monomer wide protofilament  has been observed in vitro (21) , however, FtsZ fibres are more commonly seen as pairs of parallel protofilaments called thick filaments e.g. (18, 21, 22) . More complex FtsZ oligomeric structures, which include sheets (or ribbons), tubes and bundles, have also been observed in vitro (18, (22) (23) (24) (25) (26) (27) (28) (29) .
However, in each case where detailed structure has been obtained, these consist of thick filaments in different arrangements (parallel, anti-parallel, twisted, straight etc.) (18, 22, 24) . Critically, the structure of the Z-ring in vivo remains uncharacterised, however, it seems likely from these in vitro studies that the Z-ring consists of thick filaments arranged in either sheets/ribbons or bundles.
FtsZ polymerisation is dynamic both in vivo and in vitro. In vivo the Z-ring polymerises quickly (30, 31) and undergoes constant turnover throughout division (31) . In vitro measurements have determined that FtsZ polymer dynamics depend on multiple factors. These include pH; concentrations of magnesium, potassium, calcium and competing nucleotide tri-phosphates; macromolecular crowding; and the presence of FtsZ-interacting proteins (23, 26, 27, 29, (32) (33) (34) (35) (36) (37) . Crucially, differences in the type of polymers being formed under these various conditions correspond to differences in their longevity and dynamics. An example of this is the bundling of polymers caused by the presence of millimolar concentrations of calcium (27, 33) . This bundling may be similar to that observed when FtsZ interacts with accessory proteins such as ZipA and ZapA in vitro (23, 28) and (at least in the case of calcium) results in a reduction of GTPase activity and slower turnover of monomers (27, 34) . Subtle changes to the extent of bundling are also observed when FtsZ is polymerised in buffers of varying pH.
Consistent with the effects of calcium, decreasing pH results in increased bundling, lower GTPase activity and more stable polymers (26, 33) . Therefore, controlling the extent to which lateral interactions occur between FtsZ fibres is likely to be important for Z-ring function in vivo.
The alteration in lateral association caused by these extraneous factors is a process that is little understood at a structural level. It is likely that such associations are caused by alterations of the surface properties of the FtsZ polymer that encourage fibre-fibre interactions. It has been proposed that such changes occur by charge shielding of negatively-charged FtsZ polymers (28) . However, other mechanisms are possible. A conformational change within the FtsZ monomers making up the polymer or a change in the configuration of the monomer within polymers could each lead to exposure of interfibre binding sites. Alternatively, a combination of mechanisms may be responsible for the bundling of FtsZ fibres.
Techniques for examining solution phase conformational changes in proteins are fairly well established; the most commonly used being circular dichroism (CD) and Fourier transform infrared spectroscopy. Both provide spectroscopic information that can be deconvolved to provide measures of secondary structure content and, to some extent, side chain arrangement. Unfortunately, information on the orientation of monomeric protein units within protein polymers is less easy to obtain. In general, determining this sort of information has relied on either indirect biophysical measurement (e.g. using resonance energy transfer to triangulate monomer positions relative to one another (38) ) or direct visualisation of the polymer using electron microscopy (e.g. (18) ).
We have developed the technique linear dichroism (LD) (which is technically related to CD) that provides information on the orientation of secondary structural elements and aromatic side chains within protein fibres. LD is the measure of the difference in absorbance by a sample of light polarised in orthogonal directions. In order to obtain an LD signal the fibres are usually aligned perpendicular to the incident light beam. We have achieved this here by the use of a Couette flow cell which induces alignment as a result of shear flow in a liquid. Our own advances in cuvette design have only recently permitted the use of LD to examine relatively low volume (200 µL) biological samples (39, 40) . Our initial studies of some common protein fibres, including actin, amyloid and collagen, have allowed us for the first time to assign the signals observed to known secondary structure types (41). The study presented here represents a further advancement of the technique, with reduction of sample volume to 25 µL (42).
In this work we have used a combination of linear and circular dichroism to examine FtsZ polymerisation and bundling. We demonstrate that LD provides a measure of FtsZ polymerisation kinetics that is consistent with accepted results from light scattering measurements. We show that bundling of FtsZ protofilaments induced by the presence of millimolar amounts of calcium is detectable as a substantial increase in LD signal.
Importantly, we also detect a significant change in the linear dichroism signal in the guanine region of the spectrum under conditions where polymer bundles are formed.
We also show that elevated levels of Mg 2+ can mimic the bundling properties of Ca 2+ .
We have therefore detected a change in the conformation of the FtsZ-bound guanine moiety that correlates with (and probably accounts for) the decrease in GTPase activity associated with FtsZ polymer bundling. Hence, we provide the first putative mechanism for the link between increased polymer bundling and reductions in polymer dynamics and GTPase activity.
Materials and Methods

FtsZ purification
FtsZ was purified as described previously (36) using a modification of protocols described by Mukherjee and Lutkenhaus (43) and Lu and Erickson (44) .
Spectroscopic measurements
Light-scattering measurements were performed as described previously (36) with the exception of the direct side-by side comparisons with LD for figure 2. These were performed at room temperature (23˚C) using a Perkin Elmer LS50B spectrofluorimeter with excitation and emission wavelengths of 400 nm and a slit width of 2.5 nm with a 0.3 cm pathlength rectangular cuvette.
CD measurements were performed using a JASCO (Tokyo, Japan) J-715 spectropolarimeter at room temperature using a 0.1 mm pathlength demountable quartz cuvette. Data were collected every 0.5 nm from 260-185 nm, with a scanning speed of 100 nm min -1 , a response time of 1 second and averaged over 8 scans.
LD measurements were performed at room temperature using a JASCO J-715 spectropolarimeter adapted for LD spectroscopy (42) . Samples were aligned in the light beam using a custom made Couette cell. FtsZ polymerisation assays were performed essentially as described previously (36) .
Briefly, FtsZ at the concentration specified in individual experiments, was incubated in a standard polymerisation buffer (50 mM MES pH 6.5, 10 mM MgCl 2 , 50 mM KCl) and GTP (the disodium salt adjusted to neutral pH) was added to a final concentration of 0.05 to 0.2 mM (see individual experiments) to initiate polymerisation. Where specified, MgCl 2 was omitted from the standard buffer or its concentration was altered. In some experiments CaCl 2 or CuCl 2 were added to the basic polymerisation buffer to give the final concentrations described in the text.
For all spectroscopic measurements, samples were placed in the cuvette/capillary cell immediately upon preparation. Of the three techniques used, the longest dead time (about 40 s) was that taken to load and assemble the capillary LD unit and start the analysis.
GTPase assay
GTPase activity of newly purified FtsZ protein was determined using γ 32 P-labelled GTP (Amersham Biosciences, UK) and thin-layer chromatography as previously described (36) . For titration of the effects of various ion concentrations on FtsZ GTPase activity, we measured production of NADPH from an enzyme-linked assay which has been used previously with FtsZ (47). This assay gave comparable values for FtsZ GTPase activity to the radioactive method, but was more appropriate for multiple repeat experiments.
Results
Measurement of FtsZ polymerisation kinetics using LD
In order for a linear dichroism signal to be measured the molecule being studied has to be aligned to some degree. In the case of the flow alignment Couette system used in these studies, the molecule is aligned by virtue of it having a shape with a high aspect ratio. We predicted that LD would be an ideal technique for studying FtsZ, which polymerises from monomers (or short oligomers) into long, unbranched, linear polymers. Monomeric units of FtsZ (which roughly approximate to spheres and have an aspect ratio close to 1 will not align and hence will not produce an LD signal. Polymeric forms of FtsZ, were expected to align and thus have a flow LD signal).
In order to test this prediction, FtsZ polymerisation reactions were followed by both LD and light-scattering. Samples to be observed by LD were placed in the LD cell and their LD spectrum measured in the UV where the transitions of the chromophores of the protein backbone can be observed. GTP was then added to induce fibre formation and the change in the LD signal was measured at a wavelength that is sensitive to the presence of aligned α-helical structure (FtsZ has a high α-helix content that should become apparent in the LD if fibres are formed and align). Control samples, also at room temperature, were studied by light-scattering as described in materials and methods.
The measurement of the LD signal of FtsZ polymerisation (figure 2) with time showed a very similar shaped trace to that observed using right-angled light scattering. It can be seen (figure 2) that there is an immediate large LD signal induced by the fast GTPdependent association of FtsZ monomers to form polymers. There is then a plateau in the trace as the GTP in solution is turned over, followed by a sigmoidal decrease as the GTP is exhausted and the polymers dissociate. The consistency between light scattering and LD validates the use of LD to monitor the polymerisation of FtsZ since the observed reaction kinetic is very similar to that observed previously by light scattering (and other) techniques e.g. (26, 33, 34, 36) .
CD Spectra of FtsZ and FtsZ with GTP
In order to understand the conformational changes that occur within FtsZ when the protein polymerises, CD spectra were recorded of FtsZ in the presence and absence of GTP (figure 3a). These data show no discernable alteration in the signal collected above 200 nm as reported previously (48), with the only alteration between the two preparations being a reduction in signal intensity below 200 nm for the polymerised sample. Results from the deconvolution of the spectra of FtsZ using CDsstr (table 1) showed no significant differences from the secondary structure composition calculated from the X-ray crystal structure of FtsZ (1FSZ). The decrease in signal intensity of the CD spectra of FtsZ plus GTP compared to FtsZ alone can be attributed to lightscattering from the polymers that have formed upon addition of GTP.
CD Spectra of FtsZ and GTP with and without Ca 2+
Having established that only minor changes in FtsZ conformation occur upon GTPdependent polymerisation, we investigated whether bundling of FtsZ polymers was associated with conformational change in FtsZ. The presence of millimolar quantities of Ca 2+ in standard FtsZ polymerisation reactions has previously been shown to induce polymer bundling (27, 33) . We therefore used CD to compare the backbone conformation of polymerised FtsZ in the absence of Ca 2+ and in the presence of increasing concentrations of Ca 2+ (1, 5, 10 mM). It should be noted that any changes induced into the GTP CD upon protein binding will contribute to these spectra. The spectra from these experiments (figure 3b) showed very small alterations in the region between 200 and 250 nm with a larger change occurring at wavelengths below 200 nm when the Ca 2+ concentration was increased to 10 mM. Deconvolution of these spectra with CDsstr showed only small alterations in secondary structure upon addition of increasing amounts of Ca 2+ (table 1) . The variation in CD signal intensity below 200 nm is due to light-scattering caused by the polymerisation and subsequent bundling of FtsZ upon addition of Ca 2+ .
LD Spectra of FtsZ and FtsZ with GTP
Having been unable to demonstrate significant changes in FtsZ conformation associated with either polymerisation or polymer bundling by CD, we examined LD spectra of FtsZ under various conditions. We first obtained LD spectra of FtsZ in monomeric and polymeric form. The spectrum of the unpolymerised material is zero, as predicted, since molecular alignment is required to produce a signal (data not shown).
Spectra from polymeric FtsZ (figure 4a) were obtained during the plateau phase of the reaction and have been truncated at a point where the Beer Lambert Law is being followed. The ~220 nm n-π * transition signal of the α-helix in the protein is apparent as a shoulder under the large lower wavelength signal due to the π-π* (41). The sign of this transition is positive so its transition polarisation is more parallel than perpendicular to the fibre axis. Since this transition lies perpendicular to the α-helix axis, this means that on average the helices within the protein lie more perpendicular than parallel to the fibre axis (39, 40) .
At longer wavelengths (between 250 and 300 nm) LD can provide information on transitions of aromatic constituents within the FtsZ fibre. These features contain contributions from phenylalanine, tyrosine and the guanine base of GTP (E. coli FtsZ has no tryptophan residues). Similar features have been observed for ATP-actin (41, 49) and can provide useful information on the inclination of these constituents to the fibre axis. In the case of the FtsZ spectrum in standard polymerisation buffer (i.e. in the presence of 10 mM MgCl 2 ) the broad negative band across the aromatic region indicates that the planes of the chromophores lie more perpendicular than parallel to the fibre axis.
The effect of Ca 2+ on the kinetics of FtsZ assembly measured by LD
We examined the LD spectra of FtsZ in the absence and presence of Ca 
The effect of Ca 2+ on the conformation of GTP bound to FtsZ
We observed that the LD spectrum of the near UV region of polymeric FtsZ showed complex changes upon addition of Ca 2+ (Figure 4d) . Upon increasing the concentration of Ca 2+ in the reaction mixture, the broad negative signal of the polymerised FtsZ changes to one with a negative signal at 280 nm and a larger positive signal at 250 nm.
The sign change at 250 nm results from a steady increase in the intensity of a band at 250 nm which moves from being negative to positive. The chromophore that is responsible for this peak is the guanine of the bound GTP which has absorbance maxima at ~250 nm and ~280 nm corresponding to an approximately short axis polarised transition on the guanine at 278 nm and an approximately long axis polarised transition at 244 nm (51, 52) . (We note here that a recent study has conclusively demonstrated that more than 80% of the nucleotide bound to dynamic, polymeric FtsZ is GTP (13), therefore we are confident that the overwhelming majority of the nucleotide that we are detecting by LD is GTP.) The sign change that the guanine peak undergoes
indicates that there is a significant structural rearrangement of the base, essentially moving it from an orientation where both the short axis and the long axis of the guanine are significantly more than 54.7° (the negative to positive change over point for LD signals) from the fibre axis, to an orientation where the long axis is much closer to being parallel to the fibre axis while the short axis is in a similar orientation to that in the calcium-free sample. Accounting for the fact that the backbone region of the LD ( figure   4c ) also shows an overall increase in fibre orientation with addition of calcium and noting that the maximum of a positive LD signal can be twice that of a negative one (53), the long axis of the guanines can be seen to flip from being at an angle of ~(90−θ)° to the fibre axis to an angle of ~θ° from the fibre axis where θ << 35 °. figure 5d ) compared to the no calcium control (figure 5a). Crucially, we also observed changes in the LD spectrum indicative of polymer bundling, namely increased amplitude of the peaks in the backbone region and an inversion of signal at 250 nm (figure 6a) confirming that this is an ordered association and not aggregation. figure 4 ).
Flipping of the Guanine moiety can be induced by both
Discussion
We have observed that the LD spectra of FtsZ are influenced by increases in Mg 2+ and Ca 2+ concentration, leading to a significant increase in signal at 210 nm (figure 4). The LD magnitude increase suggests an increase in either the rigidity or length of the polymer (hence increased alignment). Alternatively, the α-helices of the monomers could be orienting more perpendicular to the fibre axis or increasing in number but if this was the case (that is, Ca 2+ induces a large change in the fold of the FtsZ monomer) it would be expected that the CD spectra of the backbone region would be altered significantly, which is not the case ( Our LD data also show a significant change in one part of the near UV region in response to the presence of Ca 2+ or elevated concentrations of Mg 2+ . The inversion of a peak at 250 nm indicates a large movement of the guanine chromophore within the fibre, altering its orientation from having its long axis approximately perpendicular to approximately parallel to the fibre axis (strictly from >> 55° to << 55°). This result elegantly demonstrates one of the major advantages of LD over other optical techniques: it can probe the orientations of key units within the fibre. Free GTP and GDP, which in this case represent >96% of the total nucleotide present at any one time in the reaction mixture, do not give an LD signal as they are not able to be aligned.
Hence LD provides an exquisite method for probing the on-enzyme conformation of nucleotide. ion and the N7 nitrogen on the guanine, leading to a folded conformation of the nucleotide. This conformation is restricted to purines and is more prevalent in guanine compared to adenine. The interaction between a metal ion (M 2+ ) and GTP can thus be written:
Consequences of elevated Mg
At saturating concentrations of metal ion (the dissociation constants for Ca 2+ , Mg 2+ , and concentrations. We propose that these data obtained with FtsZ provide the first evidence of GTP-Mg 2+ in the macrochelate conformation (or in a macrochelate-like conformation) bound to a GTPase. Data from structural studies of the GTPase active site suggest that hydrolysis of macrochelate GTP is unlikely to occur, the precise positioning of the phosphates and metal ion in the active site being crucial for catalysis.
Our data support this since, in each case where we have detected the signature LD signal for the alternative GTP conformation. At elevated Mg 2+ concentrations we have also detected a decrease in GTPase activity that matches the onset of bundling. This is a consequence of the changes in the amounts of free Mg 2+ , free GTP, as well as the relative amounts of the two possible GTP-Mg 2+ complexes. From this it is a logical extension that these in turn are related to the values for the association constants for formation of the GTP-Mg 2+ complex (both on and off enzyme) as well as the equilibrium constant for the interconversion between the extended and macrochelate form of the Mg 2+ -GTP complex. Although direct determination of all these constants is beyond the realm of this study, it seem likely that the increase in the absolute concentration of the macrochelate form at high magnesium concentrations (tending to 20% of all GTP) is responsible for the decrease in GTPase. This is particularly likely as the FtsZ-GTP(macrochelate) conformation is likely to catalytically inactive and can thus be treated as a competitive inhibitor of FtsZ. 2+ and Ca 2+ on FtsZ bundling.
It has previously been observed that the presence of high concentrations of the catalytically inert metal ion Ca 2+ can induce the bundling of FtsZ polymers (27,33) and we observe similar bundling at elevated Mg 2+ concentrations (figure 5e). In both cases we also observe "flipping" of the guanine group indicative of GTP bound to FtsZ adopting an alternative conformation. As outlined in the previous section, elevated Our data allows us to distinguish between these possible mechanisms. We observe very little change in the backbone conformation of FtsZ between bundled and nonbundled polymers. This indicates that if a conformation change in the protein architecture is important (mechanism 3) it involves only small changes in backbone torsions and perhaps side chain movements. We observe a signature LD signal for an alternative GTP conformation at concentrations of Ca 2+ that induce bundling (figure 4d).
We propose that this represents a nucleotide conformation that is quite different to the extended conformations observed in X-ray crystal structures. The question is then Tables   Table 1. Calculated secondary structure composition of FtsZ from deconvolution of CD data by CDsstr (60) compared to the secondary structure content calculated from the Xray structure of 1FSZ using SwissPDB (59 
